We investigate the etching of a Si substrate in the fabrication process of freestanding GaN crystal grown using a Si by HVPE. Followed by crystal growth, Si etching by vapor HCl at high temperature results in successful fabrication of the freestanding GaN. Due to the complicated vertical gas flows inside the reactor, careful design of the susceptor was implemented. The unintentional formation of Si x N y thin layer at the backside of the Si substrate after the epitaxial growth, which can cause the decreased etch rate and non-uniform etching of a Si substrate, was successfully prevented by N 2 purging during and after the etching of a Si substrate. We believe that this study will guide us to achieve the growth of freestanding GaN over 8-inch diameters in the efficient and practical way.
Introduction
The fabrication of reliable nitride devices such as optoelectric (blue and ultraviolet light emitting diodes) and power electronics requires high quality GaN crystals as a substrate. [1] [2] [3] [4] [5] Since the lack of native GaN, a number of methods such as hydride vapor phase epitaxy (HVPE), 6 high temperature high pressure (HTHP), 7 ammonothermal 8 and Na ux 9 have been investigated to produce GaN materials. Among these things, HVPE is the most promising epitaxial method for bulk GaN growth due to its high growth rate (100-300 mm h À1 ), low production cost, and relatively high quality (TDD < 1 Â 10 7 cm À2 ). 10, 11 For the growth of HVPE GaN, foreign substrates such as sapphire (Al 2 O 3 ), and GaAs have been used. Depending on the substrate materials, several separation techniques have been reported to obtain freestanding GaN so far. M. K. Kelly et al. used a laser-induced li-off technique to separate thick GaN crystals from the sapphire substrates.
12, 13 Motoki et al. obtained freestanding GaN wafers by removing GaAs substrates with aqua regia.
14,15
Freestanding GaN wafers were also obtained by separating thick GaN layers from NdGaO 3 ).
21
This technique will allow us to obtain freestanding GaN wafer with a large scale and low fabrication cost, thus enabling to lead to their successful commercialization. Considering the importance of the growth of freestanding GaN via in situ removal of a Si substrate, the understanding of the Si etching in HVPE should be addressed for successful implementation. In other words, the growth of freestanding GaN using in situ removal of a Si substrate cannot be achieved without complete and uniform etching of substrate material, which can give rise to crack and non-uniform thickness in GaN layers. In this paper, we give insights on the Si etching in the proposed method to grow freestanding GaN from a Si substrate by HVPE.
Experimental
To realize the growth of freestanding GaN from a Si substrate, home-made vertical type HVPE reactor with 4 00 diameter was used as shown in Fig atmosphere pressure with V/III ratio of 20. The Si etching was performed using 200 sccm HCl gas ow at 1000 C aer the growth of a thick GaN layer. The temperature was controlled by a thermocouple passing through resistive heater, which was 5 cm away from the substrate. HCl gas diluted with N 2 was supplied from the bottom of the reactor through the additional channel. The inset of Fig. 1 illustrates the schematics of the part of wafer-loading zone in the HVPE reactor where the in situ removal of Si substrate was achieved by implementing special quartz parts and susceptor design. HCl gas can ow through the quartz susceptor from bottom side of the support in HVPE reactor as shown by yellow arrows in Fig. 1b . In addition, we employed N 2 purging before and during the etching process to control the Si etching rate and prevent incorporation of GaN growth by-products on the backside of Si wafer. Without N 2 purging aer the epitaxial growth, parasitic Si x N y lm was formed on the back side of the Si substrate, by which prevented Si etching by HCl. Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDX) analysis were used to study the backside of Si wafer.
Results and discussion
In the chemical etching process, the Si substrate is exposed to HCl gas ow directed through the quartz susceptor, which has one or multiple holes. The substrate undergoes thermal dry etching and silicon tetrachloride and hydrogen gas form according to the following reaction:
Previously, we discussed the optimal temperature to etch Si substrate in order to avoid the undesirable tensile stress between the substrate and GaN. 19, 20 We found that the maximum in-plane stress can be minimized to À0.07 MPa at 1000 C being slightly compressive and allowing the implementation of Si etching. However, the uniformity of Si etching rate over 2-inch wafer surface is another important factor to obtain crack-free freestanding GaN. The presence of un-etched completely Si substrate during cooling down can generate micro-cracks and lead to the cracks of the freestanding GaN.
To perform complete and uniform etching of Si substrates, rotating susceptors with different shape design were fabricated and tested on Si dummy wafers. Susceptor types 1 and 2 represent multi-openings design and susceptor types 3 and 4 -single large opening design, as shown in Fig. 2a. Fig. 2b shows the etch rate of Si substrates as a function of wafer positions in different shape of the susceptor with xed HCl ow at 200 sccm. It is noticeable that single opening design of susceptors with a larger open area of Si substrates to HCl gas ow has better uniformity than the multi-openings susceptor design. Moreover, the highest non-uniformity within the wafer was found at the edges of the wafer. Based on these results, susceptor 4 was used in the experiment with etching Si wafer aer GaN deposition in HVPE. Indeed, the position of Si substrate in susceptor needs to be considered as well during optimization of the etch rate uniformity. Biased position of Si substrate on susceptor can make HCl gas ow deviation, resulting in etching rate difference. Fig. 3a shows the schematic drawing of Si wafer loaded with the offset to the central position. Note that wide spacing between Si substrate and susceptor leads the high etch rate of Si substrate near the edge as shown in Fig. 3b . As a result, GaN can be etched/decomposed by high temperature under HCl ambient. The reaction of HVPE GaN lm with the HCl gas can be expressed as the following decomposition route: 
To clarify the Si removal by the HVPE reactor, we preliminarily tested the etching of Si substrates without growing HVPE GaN. The Si substrates were successfully and uniformly removed with the etch rate of 390 mm h À1 by backside HCl gas with the ow rate of 200 sccm at 1000 C. However, aer growing the HVPE GaN, the Si substrates were not completely etched away when applying even the etch time of 180 min at the same ambient. This ascribed the unintentional and nonuniform Si x N y deposition on the backside of Si substrates. During HVPE GaN growth, GaCl and NH 3 gas were incorporated into the growth zone in HVPE reactor. The residual NH 3 and HCl species, not reacted during GaN growth, can exist below the growth zone. Therefore, Si x N y can be formed on the backside of Si substrates during or before the Si etch step as follows:
To investigate the formation of Si x N y on the back side of the Si wafer, we analyzed the sample with EDX and TEM. Fig. 4a illustrates the cross-sectional TEM image on the backside of Si substrate aer growing HVPE GaN and followed by the removal of Si substrate in HVPE reactor. This clearly shows that undesirable layer was deposited on the backside of a Si substrate during in situ etch process. As shown in Fig. 4b , EDX conrmed the formation of Si x N y on the backside of a Si substrate. From the TEM image, we can conclude amorphous phase of Si x N y with approximately 3 nm in thickness.
To prevent the deposition of Si x N y on the backside of Si substrates, the purge step in N 2 ambient was added before in situ removal of Si substrates and during HVPE GaN growth in the backside channel, by which the formation of Si x N y was successfully neglected.
Indeed, the ow rate of backside gas, the conguration of susceptors, and the position of Si substrate in susceptors inuence on the rate and uniformity of the Si etching. Finally, Si substrates with unintentional Si x N y deposition were etched in 150 min completely.
Finally, a 400 mm-thick freestanding GaN with 2 inches in diameter was achieved via HVPE growth and in situ removal of a Si substrate as shown in Fig. 5a . The surface morphology of asgrown freestanding GaN grown using a Si substrate exhibited the root mean square (RMS) of about 0.37 nm. (See Fig. S2 †) The shape of freestanding GaN crystals grown from Si substrates was slight concave with the bowing of about 5 mm/2 inch, implying the presence of tensile stress in GaN layers. 24 This is attributed to the difference of defect densities between Ga-and N-faces of the freestanding GaN. 25 It was estimated to be the FWHM difference of $130 arcsec in (002) X-ray rocking curves. Additionally, the wafer bowing of 5 mm/2 inch corresponds to the curvature radius of $60 m. Finally, we can observe that the freestanding GaN was successfully grown from Si substrates without any meltback, pits or cracks as illustrated in Fig. 5b . The values of FWHM for (002) and (102) reection in X-ray rocking curves were estimated to be 67 arcsec and 96 arcsec, respectively, as shown in Fig. 5c . Furthermore, threading dislocation density of freestanding GaN crystals obtained from in situ removal of a Si substrate was conrmed by micro-PL mapping, as seen in Fig. 5d . This revealed that the threading dislocation densities were evaluated about 1 Â 10 6 cm À2 .
Conclusions
During the fabrication of freestanding GaN from Si substrate by HVPE, uniform and complete etching of Si was realized. From prelaminar experiments on Si test wafers, we found the optimal susceptor design with the single large opening. Loading effect was found detrimental to the fabrication process due to GaN etching/decomposition risk under HCl ambient at high temperature. Finally, N 2 purge step helps to avoid unintentional Si x N y formation on the backside of the Si wafer, thus preventing Si etching by HCl. We believe that HVPE growth followed by a Si substrate etching will open a new path to obtain freestanding GaN wafer over 8 inches with relatively low defect density.
Conflicts of interest
There are no conicts to declare.
